Chloramphenicol is thought to interfere competitively with the binding of the aminoacyl-tRNA 3¢-terminus to ribosomal A-site. However, noncompetitive or mixed-noncompetitive inhibition, often observed to be dependent on chloramphenicol concentration and ionic conditions, leaves some doubt about the precise mode of action. Here, we examine further the inhibition effect of chloramphenicol, using a model system derived from Escherichia coli in which a peptide bond is formed between puromycin and AcPhe-tRNA bound at the P-site of poly(U)-programmed ribosomes, under ionic conditions (6 mM Mg 2+ , 100 mM NH 4 + , 100 mM spermine) more closely resembling the physiological status. Kinetics reveal that chloramphenicol (I) reacts rapidly with AcPhe-tRNA´poly(U)´70S ribosomal complex (C) to form the encounter complex CI which is then isomerized slowly to a more tight complex, C*I. A similar inhibition pattern is observed, if complex C modi®ed by a photoreactive analogue of spermine, reacts in buffer free of spermine. Spermine, either reversibly interacting with or covalently attached to ribosomes, enhances the peptidyltransferase activity and increases the chloramphenicol potency, without affecting the isomerization step. As indicated by photoaf®nity labeling, the peptidyltransferase center at which chloramphenicol binds, is one of the preferred cross-linking sites for polyamines. This fact may explain the effect of spermine on chloramphenicol binding to ribosomes.
INTRODUCTION
Chloramphenicol (CAM), despite its limited use in developed countries following concerns about toxicity, is still the drug of choice for topical treatment of a wide variety of bacterial infections including serious anaerobic infections (1) . CAM binds to the 50S ribosomal subunit and blocks fundamental ribosomal functions, such as peptidyltransferase (PTase) activity (2±7), binding and movement of ribosomal substrates through the PTase center (8±10) and translation termination (11±13). Recently, it has been reported that CAM also causes translational inaccuracy in vivo (14) .
CAM and puromycin have been considered as iso-structural both with one another and with the 3¢-end of aminoacyl-tRNA (10) . Various binding studies reviewed by Pongs (15) and recent crystallographic studies in ribosome±CAM complexes (16) reinforce this consideration. Consistently, CAM has been found to inhibit competitively the reaction between puromycin and P-site-bound AcPhe-tRNA (2, 6) . In contrast to these observations, the drug surprisingly affects neither the puromycin reaction with Ac(Phe) 2 -tRNA, nor the transpeptidation of the AcPhe-residue to Phe-tRNA; nevertheless, it enhances the release of oligo(Phe)-tRNAs from the P-site (9) . Moreover, at least 11 bases in the central loop of domain V are implicated in CAM binding, as detected by chemical probing (17, 18) and mutational analysis of 23S rRNA (19) . Many of these positions are also protected by bound tRNA at the A-or P-site, or by antibiotics either interfering with peptide bond formation or blocking peptide elongation by steric hindrance with the growing polypeptide chain. Such a complicated situation is consistent with the suggestion that CAM bound to ribosome may overlap or in¯uence by allosteric effects both the binding site of the terminal ±CCA of aminoacyl-tRNA at the A-site and the entry site of the peptidyl channel (9) .
In the course of kinetic studies, the problem of whether CAM behaves as a simple competitive inhibitor of peptide bond formation remains unresolved. Besides competitive kinetics, there is also evidence for noncompetitive (20) or mixed-noncompetitive modes of action (3, 5, 6) , depending on the inhibitor concentration and the buffer system used. Experiments from more than 30 years ago have demonstrated that both monovalent and Mg 2+ ions at optimal concentrations (21, 22) are essential components for the PTase activity and the interaction of CAM with ribosomes. The rationale for the interdependence of monovalent/Mg 2+ ions and CAM interaction with ribosomes is provided in a recent publication of the high-resolution crystal structure of Haloarcula marismortui 50S ribosomal subunit (23); a K + ion is situated in close proximity to nucleoside A2451 and in coordination to G2061 and G2447 (Escherichia coli numbering). As proposed by Bay®eld et al. (24) , this ion is dissociated in inactive ribosomes, and this dissociation might also account for the inability of inactive ribosomes to bind CAM. In another crystallographic study (16) , two hydrated ions of Mg 2+ have been found in crystals of Deinococcus radiodurans 50S subunits complexed with CAM, overlapping with the CAM binding site and mediating the interaction of CAM groups with nucleosides of the catalytic center. Nevertheless, in addition to monovalent and divalent ions, polyamines are also essential for establishing a protein-synthesizing in vitro system with near in vivo characteristics (25) . It should be mentioned that spermine has been implicated in the interaction of ribosomes with erythromycin (26) , an antibiotic sharing a set of common binding features with CAM.
Puromycin binding to ribosomes already bearing an active donor substrate, results in peptide bond formation (27) . This model reaction has been used almost exclusively in the kinetic studies of inhibition of peptide bond formation by CAM. Most of these studies utilizing conventional buffers, have been analyzed on the assumption that the interaction between ribosome (R) and CAM (I) can be expressed by a fast equilibrium of the form, R + I ® ¬ RI. In this study, we reexamine the CAM problem with a somewhat different rationale. First, since polyamines are strictly required for ef®cient in vitro and in vivo protein synthesis, we use a polyamine buffer (6 mM Mg 2+ , 100 mM NH 4 + , 100 mM spermine), instead of conventional buffers. Second, we analyze the puromycin reaction as a pseudo-®rst-order reaction and thus we have a complete picture of the entire course of the reaction (progress curve). Using this system, we indicate that CAM behaves as a competitive slow-binding inhibitor, interacting with the ribosomal complex via a two-step mechanism. This may explain the discrepancy between the various reports on the kinetics of inhibition of peptide-bond formation by CAM. Furthermore, this system allows us to reveal kinetically the contribution of spermine in the interaction of CAM with ribosomes. Our kinetic results correlate well with cross-linking data, implying that spermine bound at the vicinity of the CAM binding pocket in¯uences the interaction of CAM with ribosomes, either directly or by altering the local conformation of ribosomes.
MATERIALS AND METHODS

Materials
Puromycin dihydrochloride (disodium salt), chloramphenicol, spermine tetrahydrochloride, dimethyl sulfate (DMS), DMS stop solution and heterogeneous tRNA from E.coli were supplied by Sigma (St Louis, MO, USA). L- [2, 3, 4, 5, H]Phenylalanine and [ 14 C]spermine were purchased from Amersham Biosciences Inc. (Piscataway, NJ, USA). AMV reverse transcriptase and RNase H were from Roche Diagnostics (Mannheim, Germany) and Promega (Madison, WI, USA), respectively. dNTPs and ddNTPs were obtained from Boehringer (Mannheim, Germany). Cellulose nitrate ®lters (type HA; 24-mm diameter, 0.45-mm pore size) were from Millipore Corporation (Bedford, MA, USA). N 1 -azidobenzamidino (ABA)-spermine was synthesized from methyl 4-azido benzoimidate and spermine, and puri®ed by chromatography on a sulfopropyl-Sephadex column (28) .
Biochemical preparations
Salt-washed (0.5 M NH 4 Cl) 70S ribosomes and partially puri®ed translation factors were obtained from E.coli CAN20± 12E cells as reported previously (29) . 23S rRNA was isolated from 50S ribosomal subunits by phenol extraction and puri®ed by electrophoresis on 8% polyacrylamide/7 M urea gels. Initiation ribosomal complex, i.e. the Ac[ 3 H]Phe-tRNAṕ oly(U)´70S ribosome complex (complex C), was enzymatically prepared at 6 mM Mg 2+ and 100 mM NH 4 + in the presence or in the absence of 100 mM spermine, and puri®ed through absorption on cellulose nitrate ®lters as described previously (30) . Approximately 20% of the absorbed ribosomes were in the form of complex C. More than 95% of this complex was reactive toward puromycin, implying that the bound Ac[ 3 H]Phe-tRNA was almost exclusively positioned at the P-site.
Photo-af®nity labeling, chemical modi®cation and mapping of cross-linking sites of ABA-spermine in 23S rRNA Complex C was photolabeled with 100 mM ABA-[ 14 C]spermine as reported previously (31) . After the irradiation step, the incubation mixture was treated with 100 mM dithiothreitol and separated from non-covalently bound photoprobe by gel ®ltration on Sephadex G50 and microdialysis (32) . Aliquots of labeled or non-labeled complex C (100 pmol) were modi®ed with DMS as reported (32) . Approximate localization of ABA-spermine cross-linking sites in 23S rRNA was done by hybridization of complex C with selected pairs of 11-deoxynucleotides complementary to 23S rRNA at positions 200 nt apart, followed by digestion with RNase H and analysis of digestion products by gel electrophoresis (32) . Precise identi®cation of the cross-linking sites was made by primer extension analysis (32) . In each of the experiments, control samples were run in parallel with unmodi®ed ribosomes or ribosomes photolabeled in the simultaneous presence of a 250-fold excess of spermine.
Peptide bond formation assay and ®rst-order analysis
The reaction between photolabeled or untreated complex C and excess puromycin (S) was performed at 25°C in the presence of 6 mM Mg 2+ and 100 mM NH 4 + . When required, 100 mM spermine was also included in the reaction mixture. Under these conditions, the puromycin reaction
displayed pseudo-®rst-order kinetics and was analyzed as described previously (30) . At each concentration of puromycin, the ®rst-order rate constant k obs was determined by ®tting the x values into equation 1
where x is the percent of Ac[ 3 H]Phe-tRNA bound at the P-site of complex C that is converted to product (P), and t is the reaction time. It should be mentioned that the x values were corrected, taking into account the parallel inactivation of complex C during the puromycin reaction and the intervention of other species, except for complex C. k obs was related to the puromycin concentration by the relationship
and from the double-reciprocal plot of equation 2 the values of k 3 and K S could be estimated by linear regression (Microcal Origin, Version: 6.00, provided by Microcal Software, Inc.).
In the presence of CAM, biphasic logarithmic time plots were obtained. The slope of the straight line through the origin was called the initial slope and was taken as the value of the apparent rate constant, (k obs ) o , at the early phase of the reaction. Similarly, the slope of the second straight line was taken as the value of the apparent constant, (k obs ) s , at the late phase of the puromycin reaction. All data presented in the ®gures denote the mean values obtained from four independent experiments. To estimate the data variability, one-way analysis of variance (ANOVA) procedure was used. Whenever differences between mean values were found, the F-Scheffe Â test was used to determine which means were signi®cantly different from each other. All statistical tests were made using an SPSS program for MS Windows, Release 6.0.
RESULTS
Inhibition of peptide bond formation by CAM
The reaction between complex C and excess puromycin carried out at 25°C, displays pseudo-®rst-order kinetics. It proceeds as an irreversible reaction in which C is converted to an inactive complex, C¢. Since in the presence of polyamines, both optimal binding of AcPhe-tRNA to ribosomes and optimal PTase activity require 6 mM Mg 2+ and 100 mM NH 4 + (6,33), all subsequent experiments are performed under these ionic conditions. Equation 1 predicts that the progress curve of the puromycin reaction is a straight line. Such a plot obtained at 400 mM puromycin is given in Figure 1 (upper line). However, when AcPhe-puromycin synthesis is carried out in the presence of CAM, an early as well as a late phase can be seen clearly in the progress curves ( Fig. 1 , four lower lines). The deviation from linearity observed in the presence of CAM is of vital importance for the present analysis, since it reveals a delay in the onset of inhibition. This ®nding combined with the fact that the initial slope of progress curves varies as a function of the inhibitor concentration, suggests that CAM (I) reacts rapidly with complex C to form the encounter complex CI, which is then isomerized slowly to a tighter complex, termed C*I. Consequently, a kinetic model which could adequately explain the above-mentioned results is that shown in Scheme 1
According to Scheme 1, kinetics (see Appendix) predict that the inhibition at both phases, early and late, is of the competitive type. In Figure 2 , we show the double-reciprocal plots of the early (k obs ) o and late slopes (k obs ) s , obtained at several concentrations of puromycin. The type of inhibition in both cases is simple competitive, as evidenced by the corresponding slope replots shown in Figure 3 . Both replots are linear and meet the vertical axis at the same point. This point coincides with the slope obtained from the corresponding control experiment ([CAM] = 0), a fact supporting the mechanism given by Scheme 1. Each straight line shown in Figure 3 when extrapolated meets the horizontal axis at a point pertaining to the inhibition-constant, which is for the early and late phase of reaction equal to 3.1 and 0.88 mM, respectively. Once both K i and K i * are calculated, the isomerization constant k 6 /k 7 can be determined by equation A14 (see Appendix). The value of this constant equals 2.52. Adopting the slow-onset inhibition theory in our study, the apparent equilibration rate constant, k¢, for the attainment of equilibrium between complex C and CAM can be estimated from the intersection point of the two linear parts of progress curve; at this point, k¢ = 1/t (34). For instance, the progress curve at 400 mM puromycin and 18 mM CAM gives a k¢ value equal to 2.8 min ±1 (Fig. 1) . To calculate the individual values of k 6 and k 7 , the k¢ values at each concentration of puromycin are ®rst replotted versus [CAM] (Fig. 4) . These plots are hyperbolic, in agreement with the two-step inhibition mechanism. From these plots and equation A8, provided that it holds, we ®nd by non-linear regression that k 6 and k 7 are equal to 2.29 and 0.99 min ±1 , respectively. k 6 and k 7 values measured at different concentrations of puromycin, do not vary by more than 6%.
Spermine reversibly interacting with or covalently attached to ribosomes, renders the inhibitory effect of CAM stronger at 6 mM Mg 2+ We have previously observed at 6 mM Mg 2+ and 100 mM NH 4 + that addition of spermine at concentrations up to 150 mM improves the activity of PTase (30) . On the other hand, the early report by Vogel et al. (22) provides evidence for a correlation between PTase activity and the ability of ribosomes to interact with CAM. For this reason, we have re-examined the mechanism of inhibition using complex C that is prepared and interacts with puromycin in the presence of 100 mM spermine. Such a complex possesses 50% higher activity, compared with that prepared in the absence of polyamines (Table 1) . Despite its stimulatory effect on PTase activity, spermine does not change the type of CAM inhibition. Thus, CAM inhibits peptide-bond formation by binding initially to complex C in competition with puromycin. Subsequently, as a result of conformational changes a slow isomerization, CI ® ¬ C*I, occurs. However, the values of certain kinetic parameters differ from those obtained in the absence of spermine (Table 1 ). Namely, the K i value is reduced from 3.1 to 0.7 mM, whereas the isomerization constants k 6 and k 7 remain essentially unchanged. As a consequence, the dissociation constant K i * concerning both steps of CAM interaction with complex C is decreased from 0.88 to 0.2 mM. Complex C photolabeled with ABA-spermine exhibits similar af®nity for CAM. Both K i and K i * values are 4-fold lower than those obtained in the absence of polyamines, while the isomerization step is not affected.
ABA-spermine cross-linking sites in 23S rRNA are localized adjacently to CAM binding site A prerequisite for interpretation of the spermine effect on the mechanism of CAM action is the elucidation of CAM and polyamine interactions with ribosomal constituents. Despite the fact that much has been learnt about the CAM interactions with ribosome either in its crystalline conformation or in solution, there is still relatively little information available concerning the contacts between polyamines and the large ribosomal subunit. To gain a comprehensive view of the 23S rRNA nucleotide residues involved in polyamine binding, we have used a photoreactive analogue of spermine, ABAspermine, that has an arylazido group attached to one of the terminal amino groups of the molecule. Under irradiation at 300 nm, the arylazido group of ABA-spermine is converted to nitrene, a highly reactive group that is able to form covalent bonds with a variety of adjacent groups of the target molecule (28) . Results obtained from analysis of ABA-[ 14 C]spermine cross-linking to domain V of 23S rRNA by RNase H digestion, are shown in Figure 5 . Interestingly, the region encompassing the PTase loop appears to be susceptible to ABA-spermine cross-linking. Experiments run in the presence of a 250-fold excess of spermine, show that the radioactive labeling of 23S rRNA is essentially abolished under these conditions (Fig. 5, lane 2) .
The precise position of the cross-linking sites has been determined by primer extension analysis, making use of the fact that ABA-spermine attachment to a nucleoside of 23S rRNA acts as a barrier for reverse transcriptase (32) . The site of cross-linking can, therefore, be localized exactly from the size of the reverse transcription product. The analysis is focused on the central loop of domain V of 23S rRNA, to which CAM binds. Representative autoradiograms are shown in Figure 6 . The modi®ed nucleosides by ABA-spermine are summarized in Figure 7 . As shown, reverse transcriptase Figure 4 . Variation of the apparent equilibration rate constant, k¢, as a function of chloramphenicol concentration. The reaction was carried out at 6 mM Mg 2+ and 100 mM NH 4 + in the presence of puromycin at (®lled circles) 2 mM, (open circles) 400 mM, (triangles) 200 mM and (squares) 100 mM. The k¢ value at each concentration of puromycin and chloramphenicol was estimated from the intersection point of the two linear parts of the corresponding progress curve (for example, see lower line in Fig. 1 ). The hyperbolic character of plots reveals that chloramphenicol inhibits the puromycin reaction by a two-step mechanism. normally stops at a single nucleoside. Sometimes, primer extension produces`stuttering' at a modi®ed nucleoside, resulting in a strong 3¢ band and a weaker 5¢ band, as in the cases of A2600 and C2601 (Fig. 6B) . However, for each of the multiple bands in Figure 6A , the band intensities are equal, suggesting that all the adjacent nucleosides are modi®ed.
Chemical probing with DMS indicates that spermine crosslinking alters the reactivity of certain nucleosides in the PTase loop towards DMS. Namely, complex C modi®ed by ABAspermine appears 12 positions in the PTase loop (A2453, C2475, A2476, A2497-C2499, C2501, A2518, A2564, C2573, C2575, C2610) of increased reactivity, not coinciding with ABA-spermine cross-linking sites. This ®nding suggests that, upon ABA-spermine cross-linking, the central loop of domain V undergoes alterations in its tertiary structure. Despite these alterations, the sedimentation pro®le of complex C remains unchanged, as detected by a previous study (31) .
DISCUSSION
Most of the kinetic studies of CAM interaction with ribosomes, often contradictory, have been performed in the past under the prevalent notion that the complex of ribosome with the drug is formed via a simple equilibrium. Therefore, we were prompted toward a re-examination of the inhibition of peptide bond formation by CAM, by conducting our study under more physiological buffer conditions and by following a kinetic analysis allowing us to have a complete picture of the entire course of the reaction.
The results presented in this study demonstrate that CAM derives its potency through competition with the acceptor substrate. In fact, the new ®nding of our work is not the characterization of the partner with which CAM competes, but the observation that CAM behaves as a slow-binding inhibitor. The apparent association rate constant of CAM binding, (k 6 + k 7 )/K i , at 6 mM Mg 2+ and 100 mM NH 4 + equals 1.7 Q 10 4 M ±1 s ±1 , a value much lower than the upper limit of 10 6 M ±1 s ±1 set for the classi®cation of a drug as a slow-binding inhibitor (34) . This conclusion is also supported by the value of k 7 , which is less than that measured for the forward rate constant, k 6 . The observation that (k obs ) o is enhanced by increasing concentrations of CAM (Fig. 1) precludes a binding mechanism of the type C + I ® ¬ C*I. Corroborative evidence also comes from the plots shown in Figure 4 ; if a single-step mechanism could exist, the plots should be linear (34) . Consequently, our results suggest that, upon CAM binding, complex C participates in conformational changes described by a two-step mechanism in which a fast association± dissociation equilibrium is followed by a slower rearrangement step which falls in the minute time range. A similar mechanism has been postulated by Langlois et al. (35) . By studying the effect of CAM binding kinetics of a¯uorescent derivative of erythromycin, F-Ery, with E.coli ribosomes, these authors suggested that CAM reacts rapidly with the 70S´F-Ery ribosomal complex to form an intermediate encounter complex, which is then isomerized to a ®nal product, CAM´70S´F-Ery, by a slow, non-reversible and unimolecular process. However, they were not able to investigate this mechanism in more detail because thē uorescence change for this process was very small. Nevertheless, there is also evidence for noncompetitive (20) or mixed-noncompetitive mode of action (3, 5) . However, in these studies, the data have been obtained by pre-incubating ribosomes (the enzyme) with CAM and starting the reaction by the addition of puromycin (the substrate). Under these conditions, the slow-onset inhibition theory (34) predicts that the equation describing the initial ®rst-order rate constant, (k obs ) o , is
Double-reciprocal plots of this equation at different concentrations of inhibitor are intersected at a common point above the negative 1/[S] axis and, therefore, could be misinterpreted as indicating mixed-noncompetitive inhibition. This may explain the fact that for many years it could not be settled whether CAM was indeed a competitive inhibitor, as suggested by the structural similarity of CAM with the 3¢-terminus of aminoacyl-tRNA. The linearity of the slope replots shown in Figure 3 suggests that, under the experimental conditions employed, only one molecule of CAM is involved in the mechanism of inhibition; if more than one molecule participates, these plots should be parabolic. This observation is consistent with published crystallographic data (16) . In fact, this is an unexpected ®nding, considering the size of CAM as well as the number of 23S rRNA nucleosides that have an impact on CAM binding. The situation becomes more complicated, if we take into account the fact that a peptidyl analogue of CAM, Gly-Phe-CAM, is characterized by non-linear slope replots (7). Since the stoichiometry of CAM binding was deduced by kinetic analysis, rather than from a real measurement of the amount of bound CAM, we cannot exclude the existence of additional CAM binding sites on ribosomal complex C. If they actually exist, they should be either mutually exclusive or not involved in the mechanism of inhibition. Also, we cannot exclude the possibility of additional sites of low af®nity, operating at much higher concentrations of CAM.
According to K i values, the potency of CAM at 6 mM Mg 2+ is 2-to 4-fold lower than that previously found at 10 mM Mg 2+ (3, 5) . Such a weakening of CAM potency upon decrease in optimal Mg 2+ concentration, has also been observed in a mammalian protein-synthesizing system (21) . The af®nity of complex C for CAM is restored by addition of spermine or by pre-labeling of complex C with ABA-spermine ( Table 1 ). The observed increase in CAM af®nity corresponds to a freeenergy difference (DG°) of about 3.5 kJ/mol. This implies that spermine exerts its bene®cial action by lowering the entropic cost of CAM binding by pre-organizing its binding site. In contrast, the subsequent slow isomerization step does not depend on spermine, and seems to result from conformational changes induced by CAM. Positive or negative effects of polyamines on the interaction of other antibiotics with ribosomes have been previously pointed out (26, 36) . Spermine was chosen to participate in our experimental system, since it is the most effective among the naturally occurring polyamines, both in modulating the ribosomal functions and in decreasing the Mg 2+ requirements for protein synthesis (37) . Except from spermine, spermidine is also essential for optimal translational ef®ciency and accuracy (25) . The concomitant presence of spermidine does not qualitatively in¯uence the effect of spermine on the mechanism of CAM action (data not shown), and, since it enhances the complexity of cross-linking results, its use in the polyamine buffer was avoided.
The detailed knowledge of polyamine binding sites on ribosomes is a prerequisite for formulating a hypothesis explaining the effect of polyamines on the mechanism of CAM action. Progress in identifying binding sites for polyamines in 30S ribosomal subunits from E.coli has been made by af®nity labeling techniques using photoreactive analogues of spermine (31, 32) . One of these analogues, ABAspermine, was applied in the present study for mapping polyamine binding sites in the V-loop of 23S rRNA, to which CAM binds. Evidently, the central loop of domain V is a target of cross-linking by ABA-spermine (Fig. 7) . It has been found that this region is also sensitive to divalent metal ion-catalyzed hydrolysis (38) , a fact being in agreement with crystallographic data (16, 23) . Nevertheless, ABA-spermine crosslinking and metal binding sites do not always coincide, an observation supporting the notion that structural and functional changes of ribosomes induced by polyamines may be different from those induced by divalent metal ions. In the central loop of domain V, there are two regions of ABAspermine cross-linking; a long stretch of strong cross-links around A2451 (nt 2449±2452) and a second weaker site at position U2506. From a structural and functional point of view, the importance of these labeled positions in CAM binding is beyond doubt. Various experimental approaches, including footprinting (17, 18) and mutational analyses (19) , hybridization with oligodeoxy-ribonucleotide probes (39), cross-linking techniques (8,10 and references therein) and X-ray crystallography studies (16, 23) , have demonstrated that both regions are located in the heart of the PTase center and are implicated in the formation of putative monovalent or Mg 2+ ion binding sites involved in the stabilization of the catalytic center and the binding of CAM. For instance, the 3-OH group of CAM interacts with the 4-O group of U2506 through a Mg 2+ ion that coordinates both groups (16) . Nevertheless, at the resolution level of this study, the possibility of Mg 2+ ion being either monovalent or a polyamine cannot be excluded. Additional ABA-spermine cross-linking sites, located in proximity to the abovementioned positions, appear within helix H89, in the bulged loop of helix H90, and in helix H93. As far as helix H89 is concerned, it is known that hybridization of an oligodeoxyribonucleotide probe complementary to bases 2468±2482 is increased by 14% upon binding of CAM (39) . According to the authors of this study, CAM binding induces conformational changes in the PTase center, probably implicated in the drug inhibitory effects. Crystallographic data have demonstrated that helix H89 runs in parallel to the acceptor arm of A-site bound tRNA, making a minor-groove interaction with its T-stem (40) . Nucleosides in this region are also implicated in the ®delity of protein synthesis (19) , a ribosomal function that is affected by both polyamines (25) and CAM (14) . Another strong ABA-spermine cross-linking occurs in the bulged loop of helix H90, at A2572. This nucleoside exhibits a pH-dependent DMS reactivity (24) and contacts with the T-stem of A-site bound tRNA (40) . Mutations at this position have strong effects on PTase activity (19) . Next to this position, C2573 is very susceptible to metal ion-catalysed hydrolysis (38) , and probably constitutes a general cation binding site. A cluster of cross-links localized at the base of helix H93, is in close proximity to position G2583 that is implicated in the sensitivity of ribosomes towards CAM and in the binding of aminoacyl-tRNA to the PTase center (41) , and to position U2585 that is susceptible to Pb 2+ cleavage (38) . On the opposite strand of helix H93, primer extension produces stuttering' at nucleoside 2601 yielding a weaker 5¢ band and a stronger 3¢ band, a fact suggesting that cross-linking probably occurs at the latter position (Fig. 6B ). Next to this site, there is a bulged nucleoside, A2602, that is positioned in the heart of PTase center and plays a critical role in aminoacyl-tRNA binding, RF1 binding, and in peptide release during termination (13) . In addition, A2602 is one among several nucleosides in V-loop which is subjected to stereochemical changes upon CAM binding (42) . In combination, these observations reveal the interdependence of CAM effects on protein biosynthesis and polyamine environment.
Although the X-ray structure of D.radiodurans 50S ribosomal subunits complexed with CAM has failed to detect any direct interaction of CAM with ribosomal proteins (16) , reconstitution experiments and af®nity-labeling studies (15) revealed that the drug also binds to proteins L16 and S3. It should be mentioned that both proteins are labeled by ABAspermine (31), a fact further supporting the possibility of polyamine participation in CAM binding to ribosomes.
In conclusion, our results demonstrate that CAM behaves as a slow-binding inhibitor of peptide bond formation, blocking the accommodation of the 3¢-terminus of aminoacyl-tRNA to the ribosomal catalytic cavity. Polyamines facilitate the binding of CAM to ribosome, probably by forming a connecting bridge between the drug and the ribosome. Alternatively, attachment of polyamines to ribosome may induce alterations in ribosomal conformation which favor CAM binding. Consistently, the central loop of domain V of 23S rRNA tends to adopt an apparent`open' tertiary structure upon ABA-spermine photoincorporation, as indicated by DMS-protection experiments.
